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A B S T R A C T   
Soil organic matter (OM) is a source of fertility for food provisioning and a means for climate mitigation. A high 
pedodiversity observed over very short distances due to both past and present land use, such as in Western Africa 
(Northern Togo), makes this a crucial issue. In particular, some small spots covered by sacred forests (forêts 
sacrées) of high cultural value in this area are extremely biodiverse, calcareous and high in OM in contrast with 
the non-calcareous, poor OM, overgrazed woody savannah and agricultural surroundings. The objectives of our 
work were to understand this pedodiversity and the process of CaCO3 formation in the soil under the highly 
biodiverse forest using morphological, micromorphological, chemical and mineralogical soil analyses. The re-
sults show a high degree of weathering of the gneiss parent material, presence of plinthite gravels, dominance of 
1:1 clays, formation of swelling clays in the imperfectly drained soils, and low OM content. The presence of 
palygorskite, although in traces, suggests drier intervals and is consistent in this context with the extreme wet 
and dry climate conditions in the region. In the OM rich soils under forest, bio-calcification takes place in the 
form of CaCO3 needles, micrite hypocoatings around biopores and calcified cells. Oribatid excrements are 
associated with calcite and organic matter in the sacred forest soil, indicating that litter recycling has played an 
important role in the formation of calcite. We hypothesize that the high biological activity releasing CO2, for-
mation of HCO3– and precipitation of CaCO3 due to the Ca2+ released by the recycled organic matter and 
weathering of plagioclases, lead to different forms of secondary calcium carbonate in the sacred forest soils. The 
high oxalate content of the vegetation in the sacred forest suggests that calcium carbonate formation, possibly via 
the oxalate-carbonate pathway, may also have played a role in calcite precipitation in these in organic matter 
rich soils. The parent material of these soils is not calcareous, meaning that these are not lithogenic carbonates, 
thus making them an important carbon sink. The soil characteristics indicate a high potential for development of 
the soils of the area in both agricultural yields and in potential carbon sequestration relevant to global change 
policies.   
1. Introduction 
Across Benin and Togo (Dahomey Gap, West Africa, Fig. 1), sacred 
forests (forêts sacrées) represent islands of pedo- and biodiversity in the 
middle of overgrazed woody semiarid savannahs and croplands (Kokou 
and Sokpon, 2006; Poch and Ubalde, 2006). A “sacred forest” is a forest 
that is used for religious purposes and is believed to be inhabited and 
protected by gods, totem animals or ancestors. These forests cover 
several hundred square kilometers, and some researchers claim that they 
are the remnants of a once continuous forest along the West African 
coast (Fairhead and Leach, 1998). The cultural or religious significance 
of sacred forests in West Africa has contributed significantly to the 
conservation of these forest resources (Bhaghwat et al., 2005; Ceperley 
et al., 2010; Fraser et al., 2016; Irakiza et al., 2016; Kibet, 2011; Kokou 
and Dzifa, 2007; Upadhaya et al., 2003). Due to their tendency to be 
maintained over long periods of time, sacred forests often contain 
ecological communities that have otherwise been removed from a re-
gion (Fig. 2) and these forests remnants consequently play an important 
role in the conservation of biodiversity (Campbell, 2004; Sanou et al., 
2013). 
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Local communities establish rules that vary between regions, 
including prohibition of reckless timber and game harvesting, thus 
tempering natural resource exploitation and persevering the scared 
forests and their biodiversity over many generations (Ceperley et al., 
2010). According to Daye and Healey (2015) and Kokou et al. (2008), 
local communities have a greater respect for sacred forests than they 
have for government-protected areas which are vulnerable and are 
being affected by degradation. Nonetheless, the sacred forests are 
becoming rarer and more fragmented as they are increasingly threat-
ened by population growth, expansion of buildings, construction of 
roads, and erosion of traditional religious beliefs. The importance of a 
sustainable forest management to maintain ecosystem functions and 
preserve biological diversity has grown since 1992, after the United 
Nations Conference on Environment and Development (UNCED), 
promoting criteria and indicators which will help to prevent a further 
disappearance of some plant species from these modern relics of old 
vegetation cover and biodiversity (Brand, 1997). 
Soil degradation processes in the Savannah region have been linked 
to population increase and are associated with erosion, soil organic 
matter loss and decreases in agricultural yields (Poch and Ubalde, 2006; 
Sebastià et al., 2008). One of the soil degradation processes is the natural 
or anthropogenic decline in OM (Diwediga et al., 2017; Kintché et al., 
2010). This problem is especially severe in tropical soils, with low ac-
tivity clays and shortage of fertilizers (Lal, 2019; Marks et al., 2009). In 
the region, forests and woodland have been shown to contain the highest 
values of soil organic carbon and total nitrogen, whereas agricultural 
fields exhibited the lowest values (Diwediga et al., 2017) and a positive 
relationship was found between soil organic matter (OM) and plant 
Fig. 1. Map of West Africa indicating Tami area in Togo, with profiles 1, 5 and 9, and the location of the study site (Tami).  
Fig. 2. Study area (Togo West Africa). Left: agricultural field subjected to periodical burning, right: sacred forest remnant.  
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biodiversity (Sebastià et al., 2008). 
A soil and water conservation project of a farm in Northern Togo 
having a ¼ ha sacred forest shows very different soil characteristics 
associated with the soil cover under the forest itself (Ubalde and Poch, 
2000). Pedogenic calcite is present in the OM rich soils of the sacred 
forest, whereas the surrounding soils are very low in organic matter, 
non-calcareous, moderately acidic, tropical sesquioxide ferruginous 
soils with ferric concretions and crusts on granites and gneisses (Poch 
and Ubalde, 2006). These are not pedogenic environments where cal-
cium carbonate accumulations usually occur, as cations are leached, 
leading to acidification and enrichment of aluminium, silicon, and iron 
(Pons et al., 2018). 
In bio-geology research, it is very important to understand the 
relationships between organisms and their abiotic environments, which 
lead to coupled evolution of the biosphere and geosphere. As well as 
having increased bacterial and fungal populations, the soils with 
increased organic matter and litter also have increased faunal activity of 
litter-processors such as oribatid mites, collembola and earthworms, 
making the biotic contribution to calcium and carbon cycling particu-
larly important in the precipitation of calcium carbonate in organic-rich 
environments (Castanier et al., 1999; Castro-Alonso et al., 2019; Francis 
and Poch, 2019; Uren, 2018). 
Most of the research on the sacred forests to date has focused on 
vegetation structure and diversity within the forests (Koutchika et al., 
2013) and has not included pedodiversity studies that may explain such 
variability. In this study, we investigated the morphological, 
Fig. 3. Soil map of the Tami farm (Poch and Ubalde, 2006) with the location of the three studied profiles (IUSS Working Group, 2015).  
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microscopic, mineralogical and chemical attributes of various soil ho-
rizons that occur in soils from a highly pedodiverse area in Northern 
Togo (West Africa). Understanding these natural processes is funda-
mental for implementing soil management practices leading to carbon 
sequestration and improvement of soil quality status in the region, and 
possibly in other countries with similar climatic, pedological and 
geological contexts, and land use/land cover histories. 
2. Material and methods 
2.1. Study area 
The study site covers an area of 100 ha (Latitude 10.859609 Longi-
tude 0.060153) belonging to the Centre de Formation Rurale de Tami, 
located 20 km east from capital Dapaong (Fig. 1). 
The climate is Sudano-Guinean, characterized by a dry season from 
October to April and a rainy season from May to end of September 
(Ongoma et al., 2014). According to Köppen–Geiger’s classification, 
northern Togo falls the climate Aw, i.e. tropical savannah or tropical wet 
and dry climate (Beck et al., 2018). From a 19-year data series from the 
meteorological station of Dapaong (330 m asl), the mean annual pre-
cipitation is 1001 mm, with a maximum in August (266 mm) and a 
minimum in January (0 mm) with a high inter-annual variability 
ranging from 649 to 1370 mm in the studied series (Poch and Ubalde, 
2006). Both wet and dry rainfall extremes are characteristic (Ali, 2018; 
Batebana et al., 2015). Annual evapotranspiration is higher than annual 
precipitation (Gadédjisso-Tossou et al., 2018; Koffi and Komla, 2015), 
with figures for northern Togo ranging from 1839 mm/year (Koffi and 
Komla, 2015) to 2057 mm/ year (Poch and Ubalde, 2006). The long- 
term trend is a decreasing precipitation/evapotranspiration ratio and 
increasing severity of the aridity index in Togo (Koffi and Komla, 2015). 
During January and February, the Harmattan, a strong dusty wind from 
the north east, intensifies the dryness of the season (Poch and Ubalde, 
2006). The soil moisture regime is Ustic (Poch and Ubalde, 2006). 
The geology of the region mainly includes the sedimentary or epi- 
metamorphic formations from the Voltaian Basin. The study area is 
found on the Birrimian (Precambrian) basement consisting of granites, 
granodiorites, syenites and gneisses (Collart et al., 1985). The rock 
contains abundant, large, slightly oriented plagioclase crystals, quartz 
and pegmatitic veins. 
The savannah region is characterized by a rolling landscape con-
sisting of sequences of platforms, valleys and slopes, which strongly 
control the spatial distribution of soil forming and soil erosion processes. 
These units are found in the study area, at altitudes from 250 to 270 m 
asl. According to Jones et al. (2013) the predominant soils around 
Dapaong are Petric Plinthosols and Lithic Leptosols (IUSS Working 
Group, 2015). They correspond to the tropical sesquioxide ferruginous 
soils with concretions and crusts on granites, of the historical soil map of 
Togo 1:1000000 by Lamouroux (1960). 
The vegetation is mainly influenced by agriculture activities and 
typically is woody savannah. Many crops including peanuts, corn, rice, 
millet, soy and cotton cover the land. The rest are pastures, forest or 
abandoned cropland. The crop yields are low due to low fertility of the 
soils and a lack of fertilization: 1850 kg ha− 1 for corn and 1500 kg ha− 1 
for rice (Poch and Ubalde, 2006). The dominant species are Parkia 
biglobosa and Butyrospermum parkii as trees and Acacia sieberiana as bush. 
Riparian and ruderal vegetation are also present. A small remnant of dry 
Sudanian forest vegetation consisting of Anogeissus leiocarpus, Butyr-
ospermum parkii, Piliostigma reticulatum and Ziziphus mauritiaca as main 
species have been preserved as sacred forest (Poch and Ubalde, 2006). In 
1973 at the inception of the Centre de Formation Rurale de Tami, the 
secretary to the Chief of the Tami Canton described the site as being a 
scrubland with large trees, of which only a few examples remained 
where an object of veneration by the locals was. He also said that the 
whole site was considered cursed by the locals (Pan, 2008; Villalabeitia, 
2012). 
Ubalde and Poch (2000) mapped the soils of the farm at a 1:5000 
scale (1 observation/10 ha). They defined the geomorphological and 
vegetation units used to define soil-mapping units shown in Figs. 1 and 
3. The soil units on the platforms (under cotton, corn and peanuts) were 
classified as Haplic Plinthustult; soil units on the slopes (under soja, 
corn, peanuts, cotton, millet, sorghum and pasture) were classified as 
Table 1 
















Platform Profile ¡1        
Cotton, corn, 
peanuts 
Ap 0–20 7.5YR4/4 vw-sab-c LS 16–35 – – 
Bt1 20–33 10YR6/3 – SL >70 – Silt cutans 
Bts2 33–55 7.5YR5/6 – SCL >70 – Silt cutans, soft 
concretions 
Bts3 55->60 10R4/6 – SCL >70 – Silt cutans, soft iron 
matrix         
Valley bottom Profile ¡5        
Sacred forest Oa − 5- − 3 – – – – – – 
Oi − 3–0 7.5YR1.7/1 – – – – – 
A1 0–16/19 7.5YR2/1 vw-c-m, w-sab-m SC – – – 
Bw1 16/ 
19–43 
10YR3/2 w-sab-c SC – – – 
Bw2 43–75/ 
85 
10YR2/3 m-sab-m SC – – – 
Bwg3 75/85- 
>90 
10YR4/3 s-sab-m SC 1–5 ab-red Pressure faces 
Valley bottom Profile ¡9        
Pasture rice Apg 0–20 10YR3/3 w-sab-m S 5–15 fr-ox – 
Bg1 20–28 10YR4/6 vw-sab-m S 5–15 fr-ox – 
Bst2 28–60 10YR6/6 vw-sab-f LS 5–15 – Few clay cutans, Fe-Mn 
nodules 
Bsm3 60–73 10YR5/6 – – 16–35 – Weak Fe cementation 
Bssg4 73–150 2.5YR6/6 vs-sab-f, m-p-c C 1–5 fr-ox Abundant slickensides 
C >150 2.5Y7/2 – – – – Few silt cutans 
Structure: s: strong, m: moderate, w: weak; sab: subangular blocky, g: granular, f: fine, m: medium, c: coarse; abundance: -: absent, f: few, c: common, fr: frequent, ab: 
abundant; texture: LS: loamy sand, SL: sandy loam, SCL: sandy clay loam, LS: loamy sand, SC: sandy clay C: clay, mottles: ox: oxidation, red: reduction. 
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Plinthic Kanhaplustult (upslope), Arenic Kanhaplustult (foot slope) and 
Chromic Haplustert, (eroded slope); the soil units on valley bottoms 
(under rice and pasture) were classified as Aquic Quartzimsamment and 
Oxyaquic Argiustoll; and in the valley bottom under the sacred forest the 
soil classified as Pachic Vermustoll (S.S.S-Soil Survey, 1999). The latter 
is a natural soil under sacred forest, neutral to basic pH, with calcium 
carbonate (reacts to 11% HCl), in strong contrast to the soils not under 
the sacred forest, which were non-calcareous. The soils under agricul-
tural use were severely affected by sheet erosion due to the shape of the 
fields (slopes too long), sandy texture (low structural stability), and 
agricultural practices (low organic matter input due to frequent burning 
of pastures and crop residues) (Poch and Ubalde, 2006). 
2.2. Methods 
Three of the profiles (profile-1, 5 and 9), representative of different 
topographic positions, soil types and/or vegetation cover, were selected 
for micromorphological and mineralogical analyses, and classified ac-
cording to S.S.S-Soil Survey (1999) and IUSS Working Group (2015). 
Profile 5 (Pachic Vermustoll; Pachic Phaeozem) is located in the sacred 
forest in an intermediate-footslope position, whereas profiles 1 (Haplic 
Plinthustult; Pisoplinthic Plinthosol) and 9 (Oxyaquic Argiustoll; Stagnic 
Phaeozem) are located upslope (flat landform) and downslope respec-
tively, in the surrounding cultivated savannah (Figs. 1 to 3). These 
profiles are formed on saprolite of syenites and gneiss. Profile 9 displays 
in addition a sandy colluvium on top. The soils were surveyed and 
sampled in two campaigns; 1997 (soil survey, profile description and 
sampling for micromorphological and physicochemical analyses) and 
2006 (surface and subsurface samples for soil mineralogy and selected 
chemical analyses). Previously published data by co-authors for the 
same study area were used, including soil maps and physicochemical 
analyses. In addition, a new detailed micromorphological study and 
mineralogical analyses were performed on selected soil samples. Brief 
descriptions of methods are given below. A summary of the field 
description of profiles 1, 5 and 9 is given in Table 1. 
2.2.1. Chemical and physicochemical analyses 
Chemical and physicochemical analyses of the three soil profiles 
were performed in this research according to Porta et al. (1986). The 
analyses included: particle size distribution (pipette method), organic 
matter (OM) estimated from organic carbon by wet combustion 
(Walkley-Black method) using the Van Bemmelen conversion factor 
(1.72) (Collins and Kuehl, 2001), cation exchange capacity (CEC; 
ammonium-acetate method), pH (H2O) in a 1:2.5 soil/water suspension, 
extractable K and Mg (NH4-Ac, pH 7), total Fe, P (Olsen). Nitrogen was 
determined using the Kjehldahl method. 
2.2.2. Mineralogy 
The clay mineralogy of six samples from the three profiles (0–10 and 
20–30 cm depth samples from each profile, representing A and different 
types of genetic B horizons, such as Bt, Bw and Bg, respectively) was 
determined using a Philips diffractometer, with Cu-Kα radiation gener-
ated at 40 kW and 20 mA. Primary minerals were investigated by X-ray 
diffraction analysis (XRD) of randomly oriented powder mounts pre-
pared from the sieved fine earth fraction (<2 mm). Clay minerals were 
detected by X-ray diffractometry after oxidation of OM with H2O2 and 
separation of the clay fraction (<2 μm) after centrifugation. Parallel 
oriented specimens on glass slides were scanned after the following 
treatments: Mg-saturation, air-dried and after ethylene–glycol (EG) 
solvation, K-saturation, air-dried and after heating at 335◦ and 550 ◦C. 
2.2.3. Micromorphology 
Ten horizontal thin sections, 5 × 13 cm in size, were made from 
undisturbed blocks following the methods of Benyarku and Stoops 
(2005). They were taken from different soil horizons of profiles 1 (Togo 
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were examined with a polarizing optical microscope and studied 
following the guidelines of Stoops (2003). 
Portions of the uncovered polished blocks were stained with Alizarin 
red following the method of Proia and Brinn (1985). According to the 
Alizarin red S staining protocol, calcium deposits except calcium oxalate 
form an orange-red colour at pH 4.2. Calcium oxalate as well as the 
carbonate and phosphate stain at a pH of 7. We used the difference in 
colour development between pH 4.2 and pH 7 to indicate possible areas 
of calcium oxalate enrichment on the polished blocks (Sikka et al., 
2008). The impregnated slabs were washed ultrasonically, dried, and 
one drop of Alizarin red solution at pH 4.2 was added to a selected area 
on the slide and left for 3 min. The blocks were washed well with 
distilled water and photographed. The same area was then treated with 
Alizarin red solution pH 7 under the same conditions. The blocks were 
photographed before treatment, after pH 4.2 treatment, and after pH 
4.2 + pH 7 treatment in order to track the development of the colour. 
3. Results 
3.1. Physicochemical characteristics 
The chemical and physical features of the representative soils are 
given in Table 2. The soils contain low OM (<1% dry weight) in profile 1 
and profile 9 compared to a considerably higher OM content (13%) in 
the sacred forest profile 5. The high OM and clay contents in profile 5 are 
consistent with higher CEC, which indicates a high potential fertility and 
consistent with the higher topsoil N content in the sacred forest (208 mg 
N-NO3- /kg t for profile 5 compared to 9 and 10 mg N-NO3- /kg for profile 1 
and 9). The sandy soils are moderately acidic due to base leaching, but 
without reaching pH values<5.5. In the sacred forest, the soils have a pH 
consistent with the presence of calcium carbonate, which is present in 
trace amounts in the upper horizons of the sacred forest profile, 
increasing with depth, in comparison to the calcite-free savannah soils of 
the surrounding area. 
3.2. Clay mineralogy 
The primary minerals in the original gneiss substrate in the region 
are dominated by quartz, K-feldspar, mica and plagioclases in the Haplic 
Plinthustult (profile 1), Pachic Vermustoll (profile 5) and Oxyaquic 
Argiustoll (profile 9). Each topsoil shows the same clay mineral assem-
blage of the corresponding subsoil horizon analysed, with slight differ-
ences in peak intensities, except for profile 5 where smectite and 
palygorskite peaks were not clear in the topsoil sample in comparison to 
its subsoil (Figs. 4, 5). The clay fractions of all three profiles display 
intense reflections typical of kaolinite (especially in profile 1) that 
disappear after heating at 550 ◦C, and noticeable but smaller peaks 
related to illite, extremely weak in the surface horizon of profile 5, 
which persist after any treatment (Figs. 4, 5). In the samples from pro-
files 1 and 9 and the 20–30 cm deep sample from profile 5 there is often a 
double peak around 1 nm (namely 1.0 nm and 1.04 nm), which indicates 
the presence of illite and possible trace amounts of palygorskite. The 
Fig. 4. Mineralogical analysis of clay fraction by XRD (Profile 1, Depth 0–10 cm), (Profile 5, Depth 0–10 cm) and (Profile 9, Depth 0–10 cm).  
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latter can be supposed by other diagnostic, although weak, reflections at 
0.43 and/or 0.41 nm in the three profiles, and a tiny peak/shoulder at 
0.365 nm. These peaks disappear on heating, unlike the kaolinite peaks 
with which they partially overlap (Figs. 4, 5). In profile 1 and 9 and the 
20–30 cm deep sample from profile 5, weak peaks of smectite are pre-
sent, as shown by the 1.5 nm peak expansion to ~ 1.7 nm after ethyl-
ene–glycol solvation and collapse to 1.0 nm on heating (Figs. 4, 5). In 
addition, the illite peak at ca. 1 nm is slightly asymmetrical in all the 
samples and expands very slightly at its base after glycolation especially 
in profile 1 (Fig. 4) and possibly in profile 9 (Fig. 4). This behaviour may 
support the presence of palygorskite and/or of some smectite as mixed 
layer clay mineral I-Sm. In profile 5, an important diagnostic peak of 
quartz is also present in the 0–10 cm surface horizon (Fig. 4) that is 
absent from the 20–30 cm deep horizon (Fig. 5). 
3.3. Micromorphology 
Despite being very close to each other and developed on the same 
parent material, the three profiles have very distinct micromorpholog-
ical characteristics. Some of them are summarized in Table 3. 
Profile 1 (Haplic Plinthustult) is characterized by a concentration of 
Fe oxi-hydroxides as orthic (in situ) and anorthic (transported) nodules. 
Weathered runiquartz can be observed in profile 1 (Fig. 6a). Clay illu-
viation can be seen in Fig. 6b. The granostriated b-fabric points to some 
degree of argilloturbation, which is consistent with the presence of 
expandable clay minerals in the profile (Fig. 4-profile 1). 
The main features of the sacred forest profile 5 (Pachic Vermustoll) 
are the high OM content and biological activity, shown by the frequent 
passage features and excrement infillings (Fig. 6c). Other features are 
Fe-nodules, impregnative Fe-hypocoatings, and different calcitic pedo-
features. The latter consist of:  
- prismatic and needle calcite as pore coatings and loose discontinuous 
infillings, sometimes as stars. They are typically 50–100 µm long and 
5–10 µm thick, but they can reach thicknesses up to 50 µm. They are 
often located around and inside excrements (Fig. 6c, 8d and 9a). 
These needles were identified as calcite and not as oxalate because 
they stained with Alizarin red at pH 4.2. (Fig. 7c); 
- hypocoatings around pores and nodules made of micrite, also asso-
ciated with excrements and more frequent in deeper horizons 
(Fig. 6d and 9c);  
- cell pseudomorphs within plant tissues, containing calcium oxalate 
(Fig. 8a), that stains at pH 7 but not at pH 4.2 (Figs. 7, 8a). 
Profile 9 (Oxyaquic Argiustoll) displays different horizon morphol-
ogies from the parent material (granite saprolite) to the topsoil 
compared to the previous profiles (Table 1). The C-horizon is a saprolite 
composed of quartz, micas and plagioclases altered to illite. The Bg1- 
horizon shows a slight enrichment of smectite clay (identified in XRD, 
Fig. 5-profile 9) with respect to the C horizon, and it (Bg1-horizon) 
Fig. 5. Mineralogical analysis of clay fraction by XRD (Profile 1, Depth 20–30 cm), (Profile 5, Depth 20–30 cm) and (Profile 9, Depth 20–30 cm).  




Summary of the micromorphology of profiles 1, 5 and 9.  
Horizons Microstructure and Porosity Micromass and b-fabric Pedofeatures 
Profile 1 (Haplic Plinthustult) 
Bt1 (25–35 cm) Apedal, total porosity 30%: planar voids, vughs, chambers 
and channel 
Light yellow to brown; silt, clay and organic matter. 
Granostriated and stipple speckled b-fabric. 
Orthic Fe-nodules, very coarse sand size; few silt and clay intercalations; few clay coatings, 
around fissure walls, limpid, micro-laminated, medium sand size, stained with Fe-oxides; 
anorthic, concentric Fe-nodules, with inclusions of runiquartz. 
Bts2 (30–40 cm) Weakly developed, separated angular blocky, total 
porosity 25%, planar voids, channels and chambers 
Id previous. Geodic and concentric Fe-nodules, anorthic, coarse sand size; clay coatings around Fe- 
nodules; general impregnation of the groundmass with Fe-oxi-hydroxides, with different 
degrees of intensity. 
Bts3 (60–73 cm) Apedal, vughy, total porosity 20%, vughs and fissures Id. previous. Orthic Fe-nodules; frequent clay coatings and infillings, and fragmented clay coatings; 
anorthic, concentric Fe-nodules, with inclusions of runiquartz. 
Profile 5 (Pachic Vermustoll) 
A1 (0–15 cm) Weakly separated, crumb; total porosity 30%: channels, 
chambers, fissures, star vughs and compound packing 
voids. 
Yellowish brown and dark brown irregular mixture of 
amorphous organic matter, fine silt and clay. Stipple 
speckled b-fabric. 
Orthic and rounded anorthic Fe-nodules; few micrite nodules; loose discontinuous infillings 
of needle calcite; passage features as infilled channels with material from the underlying 
horizon. 
Bw1 (20–30 cm) Moderately weak subangular blocky, spongy intrapedal 
microstructure; total porosity 25%: channels and 
connected chambers, fissures, vughs. 
Light yellow to brown, mixture of amorphous 
organic, fine silt and clay. Stippled speckled, slightly 
granostriated b-fabric. 
Orthic and rounded anorthic Fe-nodules; aggregate Mn nodules; loose discontinuous 
infillings of needle and prismatic calcite; nodules of micrite associated to faunal excrements. 
Bw1 (30–43 cm) Strong subangular blocky, intrapedal spongy 
microstructure; total porosity 20%: channels, chambers, 
vughs, fissures 
Yellowish brown, mixture of fine silt, clay and 
organic matter. Stippled speckled, granostriated b- 
fabric. 
Orthic and rounded anorthic Fe-nodules; aggregate Mn nodules; few 1:1 clay coatings 
around nodules; loose discontinuous infillings and coatings of needle, prismatic and micritic 
calcite in pores. 
Bwg2 (50–60 cm) Pedal, weak subangular blocky, intrapedal channel 
microstructure; total porosity 20%: channels, chambers, 
fissures, vughs 
Yellowish brown, mixture of fine silt, clay and 
organic matter. Stippled speckled, granostriated b- 
fabric. 
Orthic and rounded anorthic Fe-nodules; aggregate Mn nodules; hypocoatings of micritic 
calcite; loose discontinuous infillings and coatings of needle and prismatic calcite; rounded 
nodules of microsparite, medium sand size. 
Profile 9 (Oxyaquic Argiustoll) 
Ap (0–13 cm) Apedal, vughy; total porosity 35%: vughs, channels, 
chambers, fissures. 
Black/brown mixture of fine silt, clay and organic 
pigments. Undifferentiated b-fabric 
Coatings and infillings of mottled clay, microlaminated; frequent impregnative Fe- 
hypocoatings around channels; orthic and anorthic rounded Fe nodules. 
Bst2 (43–60 cm) Moderately developed subangular blocky; total porosity 
30%: channels, chambers, fissures, vughs 
Yellow to dark brown mixture of fine silt, clay and 
organic matter. Granostriated / stipple-speckled b- 
fabric. 
Dusty and limpid clay coatings and intercalations; Fe-nodules, orthic and disorthic; Fe- 
hypocoatings around channels. 
Bssg4 (80–85 cm) Apedal, spongy microstructure; total porosity 20%: 
channels, chambers, vesicles, vughs 
Yellow to dark brown mixture of fine silt, clay and 
organic matter. Granostriated / stipple-speckled b- 
fabric. 
Dusty and limpid clay coatings and intercalations; Fe-nodules, orthic and disorthic; Fe- 
hypocoatings around channels. 
Bssg4 (140–155 cm) Moderately developed subangular blocky microstructure; 
total porosity 20%: channels, chambers, fissures, vughs. 
Greyish yellow mixture of fine silt, clay and organic 
matter. Grano- and porostriated / stipple-speckled b- 
fabric. 
Microlaminated clay coatings and infillings, some broken and deformed; orthic and disorthic 
impregnative Fe-nodules and hypocoatings. 
C (160–165 cm) Apedal, single grain; total porosity 10%: very few 
channels; fissures. 
– Microlaminated clay infillings and coatings in planar voids; neoformed clay (sericite) after 
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Fig. 6. a: Weathering of quartz and granostriation or stippled speckled and orthic-nodules (Profile 1, 30–40 cm Horizon Bt), b: stress deformed and fragmented clay 
coatings (Profile 1, 60–73 cm), c: loose infillings of calcite needles in pores near excrements (Profile 5, horizon-Bw), d: impregnative micrite hypocoatings and 
nodules around excrements (Profile 5, 50–60 cm, horizon Bwg3). Left: plane polarized light (PPL) view; right: crossed polarized light (XPL) view. See Table 3. 
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shows both clay illuviation and swelling-shrinking processes (Figs. 6b 
and 8b). The overlying horizons become more depleted of clay towards 
the top of the profile and show clear redoximorphic features such as Fe 
nodules and hypocoatings (Fig. 8b). 
4. Discussion 
4.1. Clay mineralogy 
The clay fractions of all three profiles display intense reflections 
typical of kaolinite and noticeable peaks related to illite. These clay 
minerals develop from pedogenesis and chemical weathering processes 
on primary minerals like feldspars and micas (Scarciglia et al., 2008; 
Taboada and García, 1999) and are consistent with the basement 
gneisses and granites as parent materials and with the composition of 
the Harmatten dust, which seasonally engulfs the study region from its 
origins in the Chad Basin to the east (He et al., 2007; Lyngsie et al., 2013; 
Scheuvens et al., 2013). Palygorskite is not typical of the Harmatten dust 
in the study region (He et al., 2007; Molinaroli, 1996; Moreno et al., 
2006; Scheuvens et al., 2013; Singer et al., 2003), suggesting in situ 
formation. Palygorskite is present in other ustic soil regimes where it is 
generally inversely correlated with smectite and associated with fluc-
tuating soil moisture conditions (Hashemi et al., 2013; Heidari et al., 
2008; Hillier and Pharande, 2008). The presence of trace amounts of 
palygorskite together with smectite is consistent in this mineralogical 
context with the extreme wet and dry characteristics of the climate in 
the region and the current trend toward increasing aridity and intensity 
of wet-dry extremes (Ali, 2018; Batebana et al., 2015; Koffi and Komla, 
2015). 
4.2. General pedogenic processes 
The studied profiles represent three different situations, having 
either been formed on saprolites of igneous rocks, on coarse colluvial 
sands or petroplinthite derived from them. 
Profile 1, located on the upper platform (Table 1) is a sandy soil with 
plinthite, indicated by the presence of weathered quartz, abundant iron 
oxides, illuvial clays, along with a clay fraction dominated by kaolinite 
with minor illite. These features indicate that major soil development 
occurred under prevailing humid and warm climatic conditions, 
possibly even for long time spans in the past (Agbewornu, 2018; Sha-
nahan et al., 2006). Such environment is/was favourable to intense 
chemical weathering and leaching processes leading to progressive 
acidification, possibly coupled with some seasonal contrast promoting 
removal of clay particles via water suspensions and their down profile 
migration and stacking within pores, as well as iron release from host 
minerals and mobility as Fe2+ ions, with subsequent reprecipitation in 
oxy-hydroxides as Fe3+ (Scarciglia et al., 2006). Clay illuviation and the 
granostriated b-fabric point to some degree of argilloturbation, which is 
in agreement with the presence of smectite in its clay fraction. Given the 
acidic soil context measured in this soil, the extremely low amount of 
palygorskite suggests that it could have formed in the past under less 
acidic soil conditions (initially promoting lesser base leaching such as 
Mg), which are more suitable for this inverted ribbon aluminosilicate to 
form. A possible transformation of palygorskite to smectite (Krekeler 
et al., 2005) could have occurred, confirming that conditions favourable 
for palygorskite formation were limited to earlier stages of soil forma-
tion (Stahr et al., 2000) and that this mineral progressively reduced its 
amounts to mere traces, in line with the higher degree of development of 
this profile. Palygorskite is inversely correlated with smectite in similar 
Ustic soil regimes experiencing strong moisture fluctuations (Hashemi 
et al., 2013; Heidari et al., 2008; Hillier and Pharande, 2008). 
Fig. 7. Binocular images of polished soil faces dyed with Alizarin Red, Profile-5, 50–60 cm. Root section with calcium oxalate crystals, a) after dying at pH 4.2; b) 
same as a, after dying at pH 7; c) close up of b; d) calcite prisms dyed at pH 4.2 (arrowed). Only the tips of the prisms in contact with the surface are dyed. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The occurrence of illuvial Bt and Bs horizons at very shallow depths 
supports that the subsoil could have been truncated by erosion. In 
addition, the shallow Ap topsoil suggests that erosion still affects the 
site, likely enhanced by the lack of a protective vegetation cover. Such 
processes could have led to removal of organic matter and increasing 
acidification as a result of the human-induced land-use changes (Poch 
and Ubalde, 2006). The identification of anorthic Fe oxide nodules 
probably representing fragments of the lower petroplinthite also con-
firms the anthropogenic disturbance of this profile. All these findings are 
consistent with the presence of a surface colluvium in profile 9, which 
Fig. 8. a: Calcium oxalate crystals inside roots (Profile 5, 0–15 cm Horizon A), b: Reworked clay coating and Fe-oxides hypocoating (Profile 9, 80–85 cm), c: tubes of 
calcite showing the rounded section and the segmentation in rods, (Profile 5, 50–60 cm) d: polycrystalline needles associated with organic matter. (Profile 5, 0–15 
cm). Left: plane polarized light (PPL) view; right: crossed polarized light (XPL) view. See Table 3. 
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records reworking processes of soil material from upslope. 
Profile 5, in the sacred forest, is a Mollisol, and as such its 
morphology, composition and fertility are very different from the sur-
rounding soils. The main feature is the accumulation of OM, which in the 
region is related to a high biodiversity (Sebastià et al., 2008), and it may 
locally be enhanced by rests of animal sacrifices, as the high P content 
suggests. Harmatten dust is also a source of P and its deposition is 
enhanced by forest vegetation in the region (Breuning-Madsen et al., 
2015). The quartz peak in the clay fraction of the surface of this profile 
(Fig. 4-profile 5) that is absent from the 20–30 cm depth (Fig. 4b-profile 
5) is also consistent with an accumulation of dust-derived fine grained 
quartz (Scheuvens et al., 2013) at the surface. Both smectite and paly-
gorskite are absent from the surface sample (Fig. 4). The clay mineral 
assemblage is otherwise similar to that of profiles 1 and 9 for the deeper 
20–30 cm horizon (Fig. 4b-profile 9). The main micromorphological 
features are the different kinds of calcitic features, the weak striation 
that may be masked by amorphous OM and redoximorphic features such 
as Fe nodules. 
The soil formation processes on the saprolite are fully displayed in 
profile 9 (Fig. 4-profile 9, and 8b). Profile 9 shows very intense peaks of 
kaolinite and important peaks of illite (Fig. 4-profile 9). Profile 9 shows 
frequent slickensides and striated b-fabrics as key feature of swelling 
clays, as confirmed by XRD data which shows the presence of some 
swelling smectite (Figs. 4, 5). Part of the clay was later dispersed and 
illuviated, as evident in the microlaminated clay coatings in these ho-
rizons (Fig. 8b). Formation of plinthic horizons would proceed from the 
more sandy horizons, with Fe-oxide accumulation by direct release from 
mineral weathering after clay illuviation. The dominance of kaolinite 
and less developed 2:1 phyllosilicate clays, together with the clay 
coatings and Fe-oxide features, indicate a high degree of evolution of 
profile 9 (Fig. 8b), partly similar to profile 1, but probably to a lesser 
extent, as suggested by smaller kaolinite and higher illite reflections in 
the XRD patterns. The small amount of smectite is consistent with the 
evidence of shrink-swell dynamics, as a response to desiccation- 
imbibition cycles (Scarciglia et al., 2006), identified in thin sections, 
as well as with partially impeded drainage conditions indicated by the 
redoximorphic features, hampering removal of basic cations entering 
such 2:1 phyllosilicate crystal lattice or interlayer. The traces of 
Fig. 9. a: Prismatic calcite crystal next to excrements of Oribatid mites (Profile 5, 20–30 cm), b: Disorthic micrite nodule in a large excrement, note the granostriation 
around nodules (Profile 5, 50–60 cm), c: Micrite hypocoating (Profile 5, 50–60 cm). Left: plane polarized light (PPL) view; right: crossed polarized light (XPL) view. 
See Table 3. 
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palygorskite (Fig. 4-profile 9) may be a relict feature formed under less 
acidic soil conditions than present, as suggested above for profile 1. 
However, this clay mineral may also suggest a drastic but likely short 
shift towards drier soil conditions (Pozo and Calvo, 2018). Further 
support for fluctuating wet-dry cycles in the profile is the association of 
small amounts of palygorskite, which is inversely correlated with 
smectite in similar Ustic soil regimes experiencing strong moisture 
fluctuations (Hashemi et al., 2013; Heidari et al., 2008; Hillier and 
Pharande, 2008). 
In summary, the main soil formation processes are mineral weath-
ering and 1:1 clay formation, clay illuviation (profile 1 and 9) and redox 
processes (profile 5 and 9) typical of tropical savannah climates expe-
riencing (all profiles), and OM accumulation and calcite neoformation in 
profile 5. 
4.3. Calcite neoformation in the sacred forest soil 
Dietrich et al. (2017) studied the origin of calcium in the secondary 
carbonate nodules of soils of North Cameroon, developed on granites 
and greenstones, using the isotope signatures of Sr and Nd. They 
concluded that the sources of Ca are partly local (weathering of pla-
gioclases and micas) and partly allochthonous (Saharan dust). Since our 
studied profiles are developed on similar materials and are located in the 
same climatic belts where they report the occurrence of secondary car-
bonates (Sudano-Sahelian and Sahelian zones), we could assume the 
same processes to occur in our soils. However, the fact that calcium 
carbonate appears throughout the whole profile 5, strongly associated 
with biological activity only in this profile, and tends to increase in 
depth (4% at the bottom of the profile), lead us think that allochthonous 
material is not the main source of calcium or carbonate. 
Micromorphology of profile 5 shows the neoformation of calcite as 
micrite hypo-coatings and nodules, calcified cells and needle calcite in 
bio-pores, related to biological activity (Fig. 8cd). Some of the neo-
formed products are most probably not calcite, but calcium oxalate 
(whewellite) (Fig. 8a). This was the case of the biogenic crystals inside 
root remains (Fig. 6d and 7a). Prismatic and needle calcite are ubiqui-
tous in calcareous soils (Durand et al., 2010). Needle calcite in its 
various forms is widely accepted to have biological origin as mounds of 
fungal sheaths (Bajnóczi and Kovács-Kis, 2006; Cailleau et al., 2009; 
Milliere et al., 2011; Verrecchia and Verrecchia, 1994). Many crystals of 
needle calcite, Verrecchia’s M and MA types are observed in all horizons 
of profile 5 (Fig. 9), as coatings or loose discontinuous infillings, often as 
radial bundles (Fig. 6c and 8b). Sometimes they are composed of a 
sequence of rods, indicating a biological origin (Fig. 8c). They are nor-
mally between 50 and 200 µm long and 3 to 15 µm thick, and their 
extinction between crossed polarizers is variable. We found also pris-
matic mono- or polycrystalline calcite with parallel extinction (Fig. 8d 
and 9d), clearly of inorganic origin (Durán et al., 2010; Jones and Kahle, 
1993). Nevertheless, their distribution together with the needle calcite, 
around plant remains and excrements suggests that biological activity 
has played a role in their formation. The orthic nodules and hypocoat-
ings of micrite seem also to have the same origin, since they occur 
together with the previous pedofeatures in microsites with high bio-
logical activity such as those with oribatid mite excrements (Fig. 9 abc). 
Litter transformers such as oribatid mites have been shown to play an 
important role in calcium recycling and the calcification process in 
organic matter rich soils (Francis and Poch, 2019). In some cases 
(Fig. 6c) it is possible to see a transition between calcite needles and 
micrite, which suggests that at least part of the micrite features comes 
from a process of dissolution-reprecipitation of the needle calcite, as 
happens in some petrocalcic horizons (Badía et al., 2009). 
The calcium oxalate crystals occur in plant remains (Fig. 6d, 7a and 
8a). This is consistent with species of the sacred forest vegetation con-
taining varying amounts of oxalate, from Butyrospermum Parkii (0.80% 
oxalate in the leaves, (Taiwo et al., 2009) and Anogeissus leiocarpus 
(0.58% oxalate in the wood, (Chukwuma and Chigozie, 2016); 0.485 ±
0.22.41% leaves and wood, (Atiku et al., 2016) to Ziziphus mauritiaca 
which has an oxalate content of 15.5% ± 1.50% oxalate in fruit (Umaru 
et al., 2007) and calcium oxalate in the leaves (Sivasankari and San-
karavadivoo, 2017). Oxalotrophic bacteria and some associated fungi 
are able to decompose calcium oxalate in vegetation, permitting local-
ized formation of calcium carbonate (Pons et al., 2018, Uren, 2018), 
which suggests that this process may have contributed to the formation 
of calcite in the soils associated with high amounts of organic matter. In 
our case, while oxalic acid is plant produced, calcium was probably 
present in the soil as a weathering product of the Ca-plagioclases and 
recycled via biological activity from the calcium-containing plant ma-
terial. Butryospermum parkii, fruits, for example, are a source of calcium 
(36.4 mg/100 g) while the leaves are also a source of iron (3.80 mg/kg), 
magnesium (19.16 mg/kg) and potassium (0.61 mg/kg) (Pons et al., 
2018; Taiwo et al., 2009). 
4.4. The sacred forest soil and inorganic carbon storage 
Our data show that the parent material of these soils is not calcareous 
(Table 2), meaning that these are not lithogenic carbonates and thus 
making them a carbon sink (Carmi et al., 2019). The presence of needle 
fiber calcite, not only as fungal biomineralizations (rod-shape) but also 
as prisms around plant remains and excrements suggests that aerobic 
biological activity has at least a partial role in the calcite neoformation 
in the sacred forest soils. This is through the release of CO2 by respira-
tion, formation of HCO3– and precipitation of CaCO3 due to the Ca2+
released by the weathering of plagioclases and recycled organic matter 
(Carmi et al., 2019; Hasinger et al., 2015; Laudicina et al., 2013). 
Loss of soil organic carbon is the main driver of soil degradation 
under human-led disturbance (Diwediga et al., 2017; Kintché et al., 
2010). The shape of the sacred forest unit (Fig. 3), with sharp and 
straight boundaries, strongly suggests that the factors controlling the 
organic matter accumulation are indeed the vegetation and land use: 
long term cultivation changed the properties of the soil to such an extent 
(massive loss of organic matter by mineralisation) that the original state 
of these soils is no longer evident due to the lack of organic matter (Poch 
and Ubalde, 2006). Indeed, a very simple estimation of C sequestration 
shows that while the whole sacred forest profile is storing 227 Mg OC/ha 
(Sebastià et al., 2008), the amount of stored inorganic carbon consid-
ering only 15 cm of the Bwg3 layer with measured 4% of CaCO3 is: 0.15 
m * 10,000 m2/ha * 1,200 kg/m3 * 0.04 CaCO3 * 0.12C/CaCO3 = 8.64 
Mg C/ha. Although this value represents about 4% of the OC, it should 
be considered as recalcitrant carbon due to the non-leaching character of 
the Ustic water regime in the region, making preservation of the sacred 
forest soils essential to both organic and inorganic carbon storage and 
ecosystem functioning. Our estimation of organic C under sacred forests 
is not a unique example and evidences are available in the literature of 
highly varying SOC storage amounts in West African sacred forests, such 
as 0.65 to 0.90 Mg OC/ha (Falade and Taiwo, 2020); 100 to 120 Mg OC/ 
ha (to 30 cm depth, Oyelowo et al., 2019), 95.1 Mg OC/ha (to 30 cm 
depth, Anikwe, 2010) or 42.1 Mg OC/ha (to 10 cm depth, Areola et al., 
1982). However, no information was provided in these studies related to 
inorganic C, which we have found in our study. This highlights the need 
for more work on mechanisms and magnitude of inorganic carbon 
storage in soils. 
5. Conclusions 
The results of the analyses show a high degree of weathering of the 
gneiss parent materials, presence of plinthite gravels, prevalence of 1:1 
clays, formation of swelling clays in the imperfectly drained soils, and 
low organic matter (OM) in the agricultural soils. In the natural, OM rich 
soils under forest, bio-calcification takes place and litter recycling has 
played an important role in cation accumulation and the formation of 
calcite. The soil characteristics found under the Togo forest indicate a 
high potential for development of the soils of the area in agroforestry, 
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agricultural yields and in potential carbon sequestration relevant to 
global change policies. 
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et du Bureau National des Recherches Minières. 
Collins, M.E., Kuehl, R.J., 2001. Organic matter accumulation and organic soils. In: 
Richardson, J.L., Vepraskas, M.J. (Eds.), Wetland soils. Genesis, hydrology, 
landscapes, and classification. Lewis, CRC, Boca Raton, pp. 137–162. 
Daye, D.D., Healey, J.R., 2015. Impacts of land-use change on sacred forests at the 
landscape scale. Global Ecol. Conserv. 3, 349–358. 
Dietrich, F., et al., 2017. Origin of calcium in pedogenic carbonate nodules from silicate 
watersheds in the Far North Region of Cameroon: respective contribution of in situ 
weathering source and dust input. Chem. Geol. 460, 54–69. 
Diwediga, B., Le, Q.B., Agodzo, S., Wala, K., 2017. Potential storages and drivers of soil 
organic carbon and total nitrogen across river basin landscape: The case of Mo river 
basin (Togo) in West Africa. Ecol. Eng. 99, 298–309. 
Durán, J., Rodríguez, A., Fernández-Palacios, J.M., Gallardo, A., 2010. Long-term 
decrease of organic and inorganic nitrogen concentrations due to pine forest 
wildfire. Annals of Forest Science 67, 207. 
Durand, N., Monger, H.C., Canti, M.G., 2010. Chapter 9 - Calcium carbonate features. In: 
Stoops, G., Marcelino, V., Mees, F. (Eds.), interpretation of micromorphological 
features of soils and regoliths. Elsevier, Amsterdam, pp. 149–194. 
Fairhead, J., Leach, M., 1998. Reconsidering the extent of deforestation in twentieth 
century West Africa. Unasylva 49, 38–46. 
Falade, O.F., Taiwo, A.J., 2020. Forest structure and carbon stocks of Osun-Osogbo 
Sacred Grove, Nigeria. International Journal of Biodiversity and Conservation 12, 
25–32. 
Francis, M.L., Poch, R.M., 2019. Calcite accumulation in a South African heuweltjie: Role 
of the termite Microhodotermes viator and oribatid mites. J. Arid Environ. 170, 
103981. 
Fraser, J.A., et al., 2016. Cultural valuation and biodiversity conservation in the Upper 
Guinea forest, West Africa. Ecol. Soc. 21. 
Gadédjisso-Tossou, A., Avellán, T., Schütze, N., 2018. Potential of deficit and 
supplemental Iirrigation under climate variability in Northern Togo. West Africa. 
Water 10, 1803. 
Hashemi, S., Baghernejad, M., Najafi, G.M., 2013. Clay Mineralogy of Gypsiferous Soils 
under Different Soil Moisture Regimes in Fars Province. Iran. Journal of Agricultural 
Science and Technology 15, 1053–1068. 
Hasinger, O., et al., 2015. Carbon dioxide in scree slope deposits: A pathway from 
atmosphere to pedogenic carbonate. Geoderma 247, 129–139. 
He, C., Breuning-Madsen, H., Awadzi, T.W., 2007. Mineralogy of dust deposited during 
the Harmattan season in Ghana. Geografisk Tidsskrift-Danish Journal of Geography 
107, 9–15. 
Heidari, A., Mahmoudi, S.H., Rouzi, T.M.H., Mermut, A., 2008. Diversity of clay minerals 
in the Vertisols of three different climatic regions in Western Iran. 
Hillier, S., Pharande, A., 2008. Contemporary pedogenic formation of palygorskite in 
irrigation-induced, saline-sodic, shrink-swell soils of Maharashtra, India. Clays Clay 
Miner. 56, 531–548. 
Irakiza, R., et al., 2016. Assessment of traditional ecological knowledge and beliefs in the 
utilisation of important plant species: The case of Buhanga sacred forest. Rwanda. 
Koedoe 58 (1), 1–11. 
IUSS Working Group, W., 2015. World Reference Base for Soil Resources 2014, update 
2015 International soil classification system for naming soils and creating legends 
for soil maps. World Soil Resources Reports No. 106. FAO, Rome. 
Jones, A., et al., 2013. Soil Atlas of Africa. European commission, publications office of 
the European Union, Luxembourg, p. 176 pp.. 
Jones, B., Kahle, C.F., 1993. Morphology, relationship, and origin of fiber and dendrite 
calcite crystals. J. Sediment. Res. 63 (6), 1018–1031. 
Kibet, S., 2011. Plant communities, species diversity, richness, and regeneration of a 
traditionally managed coastal forest, Kenya. For. Ecol. Manage. 261, 949–957. 
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